Abstract: A mechanically amplified Fabry-Pé rot optical accelerometer is reported in which photothermal actuation is used to calibrate the in-phase and quadrature (I&Q) readout. The Fabry-Pé rot interferometer (FPI) is formed between a gold-coated silicon mirror, situated in the middle of a V-beam amplifier, and the end surface of a cleaved optical fiber. On the opposite side of the silicon mirror, a further cleaved optical fiber transmits near-infrared laser light ð ¼ 785 nmÞ, which is absorbed by the uncoated silicon causing heating. The thermal expansion of the V-beam is translated into an amplified change in cavity length of the FPI, large enough for the 2-phase variation necessary for I&Q calibration. A simple 1D thermal analysis of the structure has been developed to predict the relationship between laser power and change in cavity length. A device having a V-beam of length 1.8 mm, width 20 m, and angle 2 was found to undergo a cavity length change of 785 nm at 30 mW input power. The device response was approximately linear for input accelerations from 0.01 to 15 g. The noise was measured to be $60 g= p Hz from 100 Hz to 3.0 kHz, whereas the limit of detection was 47.7 mg from dc to 3.0 kHz.
Introduction
Optical accelerometers are attractive due to their high sensitivity, immunity to electromagnetic radiation and employability in harsh environments. Typically such devices employ a proof mass supported on an elastic suspension inside a housing. Under applied acceleration, inertial forces cause the proof mass to be displaced relative to the housing and this displacement is measured by a transducer. Various optical transducers have been studied for measuring the proof mass displacement, including optical fiber Bragg gratings [1] , [2] , shutters/intensity modulators [3] , [4] and Fabry-Pé rot interferometers (FPIs) [5] . FPI devices based on MEMS (micro electro mechanical systems) technology are particularly attractive because they have the potential for higher sensitivity than intensity-based devices while being compatible with microfabrication [6] - [8] . The result is a device which is ultimately limited in size only by the micromachining techniques employed and which allows for a large degree of control over the proof mass dimensions and the spring constant.
There is an inherent trade-off between bandwidth and sensitivity which is fundamental to all accelerometers employing a suspended proof mass. The steady state proof mass deflection, Áx , under a constant applied acceleration, a, is given by Áx ¼ ma=k where m is the proof mass and k is the stiffness of the elastic suspension. This can be re-written in terms of the mechanical resonant frequency ! 0 ¼ p ðk =mÞ of the mass-spring system to give
In an FPI-based device the sensitivity can be improved by increasing the finesse of the transducer cavity. However, on the micro-scale this adds further complications in production. An alternative is to amplify the motion of the proof mass allowing high resonant frequencies to be combined with large displacements at the transducer input. Mechanical amplification using lever mechanisms has been demonstrated previously in accelerometers with both optical [9] and capacitive [10] readout.
Amplifying the displacement of the proof mass often leads to a change in cavity length sufficient to produce a variation in round-trip phase shift greater than 2. In this case an FPI interrogation technique capable of operating over multiple fringes must be employed, such as in-phase and quadrature (I&Q). This technique has a rapid response, making it the preferred approach for many applications [7] , [11] . It is also compatible with low-finesse cavities where the FPI spectrum is roughly sinusoidal in shape [12] . The cavity is interrogated simultaneously at two wavelengths, 1 and 2 , chosen to produce round-trip phase shifts separated by 90
. The cavity length variations induced by acceleration can then be estimated from the returned intensities at the different wavelengths [13] - [15] . For effective deployment of accelerometers using I&Q interrogation, the devices typically have to be calibrated or normalized before use, in order to remove the effects of offset and gain errors [14] . This is usually achieved by shaking the devices vigorously to produce a ! 2 change in phase, although T. Požar and J. Možina have investigated algorithms to relax this requirement by estimating the full shape of the Lissajous figure formed by the transducer outputs based on only a partial measurement [16] .
In this paper, we demonstrate the use of remote photothermal actuation for calibration of a mechanically amplified FPI optical accelerometer with I&Q readout. This work extends our earlier investigation of mechanical amplification in optical accelerometers using V-beam structures, as reported in [17] , [18] . A schematic of the device investigated in the present work is shown in Fig. 1 . The Fabry-Pé rot cavity, which is used to measure changes in acceleration, is formed between a cleaved optical fiber, acting as both the input and output mirror, and a gold coated silicon mirror block located at the mid-point of the V-beam. The interrogation wavelength is 1.55 m, in the short-wavelength infrared. A second optical fiber, located on the opposite side of the silicon block, is used to deliver near-infrared (NIR) light (785 nm wavelength) for photothermal actuation of the V-beam. This side of the silicon block is uncoated to allow effective absorption in the NIR. Additional structures for locating the optical fibers are omitted from Fig. 1 for simplicity.
The use of photothermal actuation in MEMS devices is not new. For example, Zhang et al. [19] and Churenkov [20] used photothermal actuation to investigate the mechanical properties of silicon micro-resonators by modulating the light source at the resonance frequency of the structures. Laser-driven asymmetrical thermal actuators have also been developed and investigated by Ma et al. [21] and Liu et al. [22] ; however these devices were not used for specific applications. Another area of interest is the use of light to power automated robots. The idea of using V-beams for such applications was introduced by Szabo and Kladitis [23] and taken further with the production of an actual micro-robot by Pac et al. [24] . The advantage of using photothermal actuation in the present work is that it allows remote calibration without the need for electrical signals.
The remainder of this paper is organized as follows. In Section 2 a description is given of the operating principles of the V-beam amplifier and simple expressions are derived to describe the structure's mechanical and thermal properties. The I&Q operating principle is then outlined including a discussion on the chosen device design. Section 3 summarizes the fabrication of the accelerometer in conjunction with the methodology used to interrogate the device's response to varying laser power and accelerations. Section 4 presents the results achieved and provides comparisons with the theoretical predictions of the performance. Conclusions are contained in Section 5.
Theory of Operation and Device Design

Mechanical and Thermal Amplification
The principle governing the mechanical amplification via a V-beam can be understood with the aid of Fig. 2(a) , where the V-beam angle has been exaggerated for illustration. Under an applied acceleration, the displacement Áx of the proof mass in the x -direction causes a compression of the structure along the x -axis. To accommodate this, the V-beam deflects laterally, resulting in an amplified displacement Áy at the mirror block. Provided the displacements are small, as they will be in an FPI device, the structure can be assumed to exhibit linear elastic behavior. In this case, with reference to Fig. 2(a) , the mechanical amplification factor of the V-beam can readily be shown to be [18] 
where u ¼ tan and ¼ ðw =lÞ 2 , with w and l being the width and length of the V-beam flexures, respectively.
The behavior of the structure under photothermal actuation is shown in Fig. 2(b) . In this case the V-beam undergoes frustrated thermal expansion, causing the proof mass to move in the negative x -direction i.e., away from the V-beam anchor. Equilibrium is reached when the elastic forces due to the proof mass suspension and the V-beam are balanced, so the resulting displacement Áx of the proof mass satisfies
where k v is the spring constant of the V-beam, k spr is the spring constant of the proof mass suspension, and ÁL is the change in length (along the x -axis) that would occur in the V-beam if its thermal expansion were unconstrained. The compression ðÁL À Áx Þ of the heated V-beam leads to an amplified displacement at the mirror block of Áy ¼ mðÁL À Áx Þ. Eliminating Áx from this expression with the aid of eq. (3) gives
where m th is the thermal amplification factor, defined as the ratio of the mirror displacement to the unconstrained thermal expansion of the V-beam. From eq. (4) we see that m th is lower than the mechanical amplification factor by an amount which depends on the relative magnitudes of the spring constants. To take full advantage of the properties of the V-beam, and have efficient thermal actuation, it is required that k spr ) k v .
Thermal Modeling
In this section a one-dimensional thermal model is developed to assess the theoretical performance of the device under photothermal actuation. In addition to thermal conduction in the silicon structure, the model includes air-mediated conductive losses to adjacent silicon features and the underlying substrate. However, radiative losses, which become significant at higher temperatures [25] , are neglected because the temperature rises are expected to be relatively low. Assuming steady-state, the one-dimensional heat flow equation for the V-beam structure can be written as
where k s is the thermal conductivity of the silicon, w is the width of the beam, t is the depth of the beam, A ¼ wt is the beam cross-section, T is the local temperature, qA is the local input power per unit length due to heating by the laser (q being the power input per unit volume, averaged over the cross-section), and T 0 is the temperature of the substrate (which is assumed to be a perfect heat sink). The coefficients h s ¼ k a =d s and h b ¼ k a =d b represent the conductive heat losses from the side wall and lower surface of the V-beam, respectively, where k a is the thermal conductivity of air, and d s and d b are the associated air gaps. Due to the way the device is fabricated, by deep reacting ion etching of the device layer in a bonded silicon-on-insulator (BSOI) wafer, the V-beam has adjacent bulk silicon on both sides and also beneath it, and so conductive losses across the associated air-gaps must be taken into account. However, there is no capping layer above the structure, so losses from the top surface will be small and are neglected in this analysis. Setting
the solution to eq. (5) in regions of constant q is
where the coefficients C 1 and C 2 are determined from the boundary conditions, and
Due to the symmetry of the problem, only one half of the V-beam needs to be modeled in order to calculate the temperature distribution along the entire structure. As shown in Fig. 3 , the halfstructure to be modeled is divided into three sections, one representing the V-beam arm, and the other two making up one side of the mirror block. The laser heating is assumed to occur only in Section 3, and by varying the relative sizes of Sections 2 and 3 (by means of the parameter r ) the effect of varying the spot size of the heating laser can be investigated.
Assuming the heating laser beam impinges only on Section 3, the power input per unit volume in this section is taken to be
where R is the reflection coefficient at the air-silicon interface and P 0 is the total power of the incident laser beam. Eq. (9) assumes that all of the NIR laser energy entering the silicon mirror block is absorbed, which is reasonable given that the mirror block is 60 m wide and the absorption length of 785 nm wavelength light in silicon is $8.9 m. The factor of 1/2 is included to account for only half of the V-beam being analyzed. Since the laser beam is confined to Section 3, there is no heating in the other sections, and accordingly it is assumed that q 1 ¼ q 2 ¼ 0. Further to the boundary conditions shown in Fig. 3 , which represent continuity of temperature at the boundaries between sections, the heat flux must also be continuous at these interfaces, leading to where b is half the width of the silicon mirror block. Assuming solutions of the form in eq. (7) in each section, application of the above boundary conditions leads to the matrix equation for the coefficients 
where C i1 , C i2 are the coefficients in section i. The temperature distribution along the entire length of the V-beam can be used to calculate the expansion of the silicon using
where is the thermal expansion coefficient of silicon, which is assumed to be approximately constant over the temperature values investigated, and a factor of two is included to account for modeling only half of the V-beam. Given the value of ÁL from eq. (12), eq. (4) can be used to predict the change in cavity length for a given input laser power. Table 1 shows the parameters of the accelerometer and material constants used in this article. From theoretical modeling, a 30 mW incident laser power is expected to induce a 762 nm change in cavity length, which is sufficient for calibration with a wavelength of interrogation 1524 nm. The expected temperature distribution along the length of the V-beam in this case is shown in Fig. 4 . The maximum temperature change expected is no greater than 30 K, underlining the validity of neglecting radiative losses and assuming the thermal expansion coefficient of silicon is constant. The modeling also confirmed that differences in spot size only marginally affect the temperature in the irradiated region while having a negligible effect on the temperature distribution elsewhere in the structure. This is to be expected since the total input power remains constant and highly localized compared to the length of the V-beam.
In-Phase and Quadrature Readout
Assuming a low-finesse FPI cavity interrogated at two different wavelengths 1 , 2 , the intensities I 1 , I 2 of the returned signals will be approximately of the form [12] 
where a i are the dc components, b i =a i are the fringe visibilities, and ' i are the round-trip phase shifts which depend on the cavity length l c according to
By selecting the interrogation wavelengths such that the round-trip phase shifts differ by =2, the variations of I 1 and I 2 with cavity length can be arranged to be in quadrature. For example, if ' 2 ¼ ' 1 À =2, eq. (13) can be re-written as
Given both of the signals I 1 and I 2 , it is possible to measure changes in cavity length without the ambiguities that arise from the periodic nature of the FPI output when only a single interrogation wavelength is used. In practice I&Q readout can be implemented by illuminating the FPI cavity with a broad-band source, and then splitting the return signal into two paths containing band-pass filters centered on the desired interrogation wavelengths. The purpose of the calibration procedure is to establish the values of the parameters a 1 , b 1 , a 2 , b 2 ; this involves varying the cavity length so that both outputs explore their entire ranges and the maximum and minimum values can be recorded. Once these parameters are known, the transducer signals can be normalized as I 
Design Chosen for Fabrication
The target specifications in this work called for a device with a resonant frequency of 15 kHz and with the capability of photo-thermal calibration using a 785 nm laser with a maximum power of 100 mW. A hammock suspension was employed comprising six flexures, each 1.6 mm long and 78 m wide, in conjunction with a V-beam 1.8 mm long and 20 m wide with an angle of 2 . This design resulted in theoretical thermal and mechanical amplification factors of $7.4 and $13, respectively. To achieve the desired resonant frequency, a proof mass with dimensions 1:978 Â 1:978 mm 2 was required; these dimensions were confirmed using a Comsol eigenfrequency analysis of the whole device. A hammock suspension has the advantage that it can be made very stiff in the axes orthogonal to the intended direction of motion, minimizing cross-axis sensitivity. This comes at the expense of non-linearity under large deflections; however, this is not expected to be an issue for an FPI device since the proof mass displacements are designed to be G 1 m under normal operation.
Experimental Methods
Device Fabrication
Prototype accelerometers were fabricated on a BSOI wafer with an 85 m-thick mechanical layer, using a single mask process. The mechanical layer thickness was chosen to be $25 m greater than the 62.5 m radius of a single mode optical fiber (Corning SMF-28), so that the optical beam from the fiber impinged on the silicon sidewall near the top surface. The wafer was spin-coated with S1828 positive photoresist and exposed in a mask aligner. Development of the resist was followed by deep reactive ion etching (DRIE) of the silicon mechanical layer. After dicing of the wafer, individual dies were suspended over a pool of 40% hydrofluoric acid (HF) at a temperature of 40 C to allow the vapor to etch away the buried oxide layer and release the moving parts.
An SEM image of a device following HF release is shown in Fig. 5 . The image clearly shows the removal of the buried oxide layer due to HF etching. Some Bnotching[ or undercutting of the silicon is also evident in the image; this effect is frequently seen with silicon DRIE when etching down to a buried oxide layer. In this paper, the undercut was $10 m wide Â $6 m high, and because the V-beams were only 20 m wide this resulted in the gap d b between the V-beam and the substrate increasing from 4 m (the buried oxide thickness) to $10 m. This was taken into account in the thermal modeling.
Following release, each device was sputter-coated with a $200 nm thick layer of gold. Gold was selected since it does not oxidize and gives the FPI mirror the maximum reflectivity possible [26] , eliminating unwanted spurious multiple cavity effects. It was necessary then to remove the gold from the opposite side of the mirror block, and this was done by selective etching. AZ9260 resist was dispensed into one of the optical fiber grooves and allowed to flow up to the mirror surface where its high viscosity meant it was unable to flow beneath or around the silicon block or V-beam. After baking the resist, the exposed gold was removed using an iodine-based gold etchant, with the AZ9260 resist protecting one side of the silicon mirror block. Finally, the resist was removed using acetone and the device was freeze dried to avoid possible stiction of the released structures.
A cleaved optical fiber was inserted into the alignment groove on the gold plated side with the aid of a microscope and a pair of 3-axis micro-positioning stages (one for the device and one for the fiber). The cleaved fiber end was positioned between 20 and 40 m from the mirror, so as to produce an FPI cavity with a free-spectral range between 60 nm and 30 nm at 1550 nm wavelength. This choice of FSR was compatible with the tunable filters used in the interrogation setup, and the cavity length ensured that the fiber was always at a safe distance from the mirror which was constrained to a maximum displacement of 10 m. The reflection spectrum of the FPI was continuously monitored during the fiber insertion process using an optical spectrum analyzer (OSA). Following alignment, the fiber was secured permanently using Loctite 358 UV curable adhesive.
Once the interrogation fiber was in place, the same procedure was used to insert a second fiber for photothermal actuation on the uncoated side of the mirror block. An SEM image of the final device, with both fibers in position, is shown in Fig. 6 . There is a large gold-coated region around the left-hand optical fiber, highlighting the location of the resist used to protect one side of the mirror block during the gold etching process.
Calibration and Measurement of Performance
A prototype accelerometer was calibrated and tested using the setup shown in Fig. 7 . Interrogation of the FPI was carried out using light from a broadband source (type Agilent 834378A), centrally located at 1550 nm. This was coupled into the device via a circulator. The light reflected from the FPI was divided into two equal components using a 3 dB coupler; these were fed to separate amplified photodiodes via a pair of tunable optical filters (Newport Corporation type TBF-1550-1.0, 20 dB bandwidth of 3.5 nm) which were set to be I&Q with reference to the FPI spectrum of the device. The photodiode outputs were recorded using a National Instruments data acquisition module which allowed sampling at up to 24 kbits/s on each channel. Analysis of the recorded data was carried out using a LabView program.
The source used for photothermal actuation was a 785 nm laser with a single-mode fiber pig-tail (Thorlabs type LP785-SF100). During the calibration process the output power of the laser was modulated over the range 0 to 30 mW while simultaneously recording the I&Q photodiode outputs. The I&Q datasets were then plotted against each other to form a Lissajous figure. Using MATLAB, Fig. 6 . SEM image of prototype device after HF release and with optical fibers glued in position.
an ellipse was fitted to the data using the centroid method described in [27] where the calculated parameters are of a general quadratic curve. These values were used to determine the coefficients in eq. (15) .
Following calibration, the linearity of the relationship between NIR laser power and cavity length was investigated. The laser power was manually stepped from 0 to 32 mW in 2 mW increments. The reflection spectrum was recorded at each power setting using an optical spectrum analyzer. The mode order was calculated from this and combined with the measured shift in the FPI fringes to calculate the induced change in cavity length.
The performance of the device as an accelerometer was tested by mounting it on an aluminum block attached to a digitally controlled shaker table (IMV type PET-05). At a fixed frequency of 50 Hz, the shaker table was capable of producing a sinusoidal output ranging from 0.01 g to 15 g, zero-to-peak. The output acceleration of the shaker was controlled in a feedback loop using two commercial capacitive accelerometers, Analog Devices type ADXL326 (0.1 to 15 g) and ADXL335 (0 to 0.1 g), mounted immediately adjacent to the device under test. The I&Q intensities were recorded for 10 seconds at each acceleration level and converted to an equivalent variation in phase. A fast Fourier transform (FFT) was then performed on the extracted phase signal and the magnitude of the spectral peak at 50 Hz was taken as a measure of the accelerometer's response.
The noise floor was established by acquiring data with the accelerometer at rest and then converting the extracted phase signal to a power spectral density plot. This conversion was carried out using the pcov covariance function in MATLAB, with an order of 300 and a phase-toacceleration conversion factor based on the accelerometer test results. For these measurements the photodiode signals were band-limited to 3 kHz using a pair of active low-pass filters. Fig. 8 shows a typical set of data from the photothermal calibration process. Fig. 8(a) shows the raw I&Q signals from the two amplified photodiodes, plotted as a function of time as the power of the 785 nm laser is varied. The corresponding Lissajous diagram is shown in Fig. 8(b) along with the best-fit ellipse which was used to estimate the parameters for normalization and removal of the dc components. The resulting normalized I&Q signals and the corresponding Lissajous diagram are shown in Fig. 8(c) and (d) , respectively. According to eq. (16) the normalized Lissajous diagram should be a unit circle; however, the variations of the raw I&Q signals with the cavity length are not purely sinusoidal, and this leads to the distortions seen in Fig. 8(d) . Moreover, it can be seen that the Lissajous diagram is not closed, indicating that the I&Q signals are not quite periodic with respect to changes in the cavity length. The reasons for this are not yet fully understood. The FPI response is also non-periodic with respect to changes in optical wavelength, as can be seen from the linear plot of the FPI spectrum in Fig. 9 . Although the variation in the returned intensity is roughly sinusoidal, there is some modulation of both the amplitude and the dc level with wavelength.
Experimental Results
The variation of cavity length with laser power over the range 0 to 32 mW is shown in Fig. 10 , along with the linear variation predicted by the approximate 1D thermal model. The overall trend in the experimental data is in good agreement with the theoretical prediction, producing a 785 nm cavity length change at a laser power of 30 mW. The reason for the departures from linearity in the experimental data is currently unknown and will be investigated in future work, as will the extent of any hysteresis effects that might arise as a result of heat being retained in the device following photothermal calibration. Fig. 11 shows a typical example of an extracted phase signal obtained under an applied acceleration, in this case a sinusoidal excitation of amplitude 1 g zero-to-peak at 50 Hz frequency. The performance of the device over a range of input accelerations is shown in Fig. 12 . The accelerometer had a sensitivity of 0.081 rad/g and could operate down to 0.01 g and up to 15 g giving a dynamic range greater than 10 3 . The accelerations applied, which were limited in range by the reference accelerometers used, induced a maximum change in phase of 1.13 radians, so it was not possible to test the device over multiple fringes. The device showed a near linear response over the range examined, with the departures from non-linearity being attributed mainly to the nonsinusoidal FPI response. This could in principle be corrected for by using the measured Lissajous figure to map the I&Q intensities to the phase. A power spectral density plot showing the noise spectrum at zero input acceleration is shown in Fig. 13 . This plot shows the noise in the extracted phase signal, although the vertical axis has been converted into units of g= p Hz using the sensitivity of the device (i.e., the gradient in Fig. 12 ) as a conversion factor. At low frequencies, the spectrum shows the characteristic form of 1/f noise, while from 100 to 3,000 Hz the noise floor of the system is approximately 60 g= p Hz. This is higher than reported for other sensors interrogated using the I&Q technique [11] , [14] and could be improved through reduction of noise contributions in the readout electronics. The device is intended to operate from dc up to 3.0 kHz, and over this frequency range the limit of detection is 47.7 mg calculated using the data in Fig. 13 .
Conclusion
A V-beam amplified FPI accelerometer has been presented which uses photothermal actuation for calibration of an I&Q readout system. A prototype device was fabricated with a V-beam of length 1.8 mm, width 20 m and angle 2 , giving a mechanical amplification $13. A near-infrared laser (785 nm wavelength) with a power of up to 30 mW was used heat the structure, and was found to be capable of inducing a 785 nm cavity length change, sufficient for calibration of wavelengths up to 1570 nm. The accelerometer response was explored by applying 50 Hz sinusoidal input accelerations and measuring the amplitude of the extracted I&Q phase signal via a large sampled FFT. The response was found to be approximately linear, and using this narrowband readout method accelerations over the range 0.01 to 15 g could be recorded. The real life performance of the device was estimated using a noise spectrum and this gave a limit of detection of 47.7 mg over the intended operating bandwidth of 3 kHz.
The use of photothermal actuation allows remote calibration over optical fiber, allowing the advantages of an all-optical approach to be retained. The V-beam amplified design lends itself particularly well to this approach as the V-beam structure can be actuated directly by laser heating. Although the photothermal calibration was implemented here using separate actuation and sensing fibers on opposite sides of the device, a single fiber solution could also be envisaged. For example, a shorter wavelength laser operating in the ultra-violet region could be used to heat the goldmetallized mirror surface via the interrogation fiber. This possibility, which would simplify packaging and provide a more elegant and widely deployable solution, will be explored in future work. Fuller use of the data acquired during calibration to improve the linearity of the accelerometer response will also be investigated.
